The in vivo synthesis of encephalomyocarditis-specific proteins was studied by labeling the viral proteins with radioactive amino acids under conditions where host-protein synthesis was almost completely inhibited. To assure recovery of all proteins, intact cells were lysed in hot 1% sodium dodecyl sulfate. These lysates were analyzed by quantitative high-resolution electrophoresis on sodium dodecyl sulfate-polyacrylamide gels. This technique allowed the detection and estimation of the molecular weight of 15 virus-specific polypeptides: A, 100,000; B, 90,000; C, 84,000; D, 75,000, DI, 65,000; E, 56,000; e, 40,000; F, 38,000; a, 34,000; ,, 30,000; y, 23,000; G, 16,000; H, 12,000; 1, 11,000; and 8, 9,000. Pulse-chase experiments, in conjunction with cyanogen bromide and tryptic mapping of the isolated polypeptides, indicate that at least three primary gene products (A,F,C), with a cumulative weight of about 220,000, are generated during translation of the RNA genome. Chains A and C then undergo post-translational cleavages, while F remains uncleaved. The proteins generated by the cleavage of A include all of the capsid chains (a, fl, -y, 8, e). Those generated by the cleavage of C include D and E. The chains a, jl, -y, 8, E, F, G, H, l, with a cumulative molecular weight of about 230,000, are stable and are produced in about equimolar amounts. A model for the synthesis of, and a cleavage sequence that accounts for, all of the viral polypeptides is proposed.
As the smallest RNA-containing animal viruses, the picornaviruses (1) constitute good models with which to explore problems related to macromolecular synthesis and function in animal cells. Evidence indicates that the virions of all four subgroups (2), the enteroviruses (e.g., polio-, coxsackie-, echoviruses), the cardioviruses [e.g., mouse-Elberfeld (ME), encephalomyocarditis (EMC), mengoviruses], the rhinoviruses (e.g., common-cold viruses) and the foot-and-mouth disease viruses are similar in size and structure (3) .
Poliovirus-infected cells contain at least 14 electrophoretically distinct polypeptides; many of these polypeptides arise from the cleavage of large precursors into smaller chains (4) (5) (6) (7) . Six of these chains have been identified as capsid-related: VP1, VP2, VP3, and VP4, from mature virions; VPO, an uncleaved precursor of VP2 and VP4; and NCVP1, a very large precursor of all four capsid proteins (8) .
Much is known about the size and structure of the cardioviruses (9) . Here, we present the results of a thorough search Abbreviations: EMC virus, encephalomyocarditis virus; ME virus, mouse-Elberfeld virus; SDS, sodium dodecyl sulfate. EMC virus and plaque assay were described (10) . The cells were propagated in suspension in Medium F containing 6% bovine serum.
Media and Buflers. Medium F is Eagle's minimal medium (11) in Earle's saline (12) , lacking calcium and magnesium salts, and supplemented with 0.1 mM (each) of glycine and serine and 0.1% Pluronic F68. Medium AH is medium A (10) modified by the addition of N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid* (HEPES) buffer, to a final concentration of 25 mM. Medium AL is medium AH lacking amino acids. Buffer TSA is 0.25 M sodium chloride-5 mM Tris (pH 7.4)-0.01% bovine serum albumin. PBSA was described (10) .
Infection. HeLa cells were harvested when the density reached 3-4 X 105 cells/ml; 8 X 107 cells were suspended in 2 ml of medium AL at room temperature. This suspension was then-infected with 200 plaque-forming units (PFU) per cell of EMC virus; attachment was allowed to proceed for 15 min after infection at room temperature. 18 Electrophoresis. Gels were prepared and electrophoresed as described (13) . The Gel Fractionation and Measurement of Radioactivity. Fractionation of gels has been described (13). 1-mm segments of crushed gel in 0.3 ml of water were counted either directly in 10 ml of solvent B-10, or were hydrolyzed and counted in solvent tT2l (13) . Because of fluorescence problems encountered with solvent tT21 at ambient temperatures, the B-10 systems was adopted. Although the recovery of radioactivity from the gels with tT2l was about 95%, while the simpler B-10 solvent gave only 75% recovery, a comparison of duplicate gels by these two methods gave comparable patterns with all peaks present in the same relative proportions. The samples were counted on a Beckman LS-233 liquid scintillation counter equipped with a punched paper tape output. The raw data from the counter was analyzed with a Univac 1108 computer. A program was written to correct 3H and 14C counts for background and spillover, calculate the running area under the peaks, and compute the molecular weights of the proteins. The electropherogram was then generated with the system's CalComp Plotter.
Isotopes t Calculated from the average of six independent gels, run on three different cell extracts, in which the cleavages had gone to completion. The profiles were similar to that in Fig. 2B . The distribution of 14C was calculated relative to the total radioactivity recovered from all of the viral peaks. The average deviatiois are indicated in parentheses.
§ The mass of protein was assumed to be proportional to cpm. The molar ratios were calculated by dividing the mass ratio (column 4) of each chain by its apparent molecular weight, and normalizing with respect to the alpha chain.
¶ Were the precursor chain e completely cleaved, the molar ratios of its products, , and 5, would be 0.5 + 0.32 = 0.82 and 0.5 + 0.27 = 0.77, respectively.
buffer proved unsatisfactory in our hands. Not only were most of the labeled proteins found in the nuclear pellet, but the electrophoretic profiles of the nuclear and cytoplasmic fractions were quantitatively different. To circumvent this difficulty, the intact cells were solubilized in hot 1% SDS.
EMC virus plus actinomycin D rapidly inhibited host protein synthesis and allowed the preferential labeling of the viral proteins (14) . The kinetics of this inhibition was shown by examination of the products of protein synthesis throughout the infection (Fig. 1) ; there was a transition from a complex pattern characteristic of the host cell (uninfected control) to a simpler pattern characteristic of virus infection (4 hr). 4 hr after infection corresponds to about the mid-log phase of the viral growth (infectivity) curve.
Classification of Virus-Specific Proteins. Of the 15 peaks observed 4 hr after infection (Fig. 1) , five (aAjByA,) were identified as capsid polypeptides by coelectrophoresis with homologous chains from purified 'IC-labeled virus (not shown). These and the remaining peaks, designated A through I, were further characterized with respect to size and kinetic behavior (Table 1) .
In pulse-chase experiments, most of the label was found in large polypeptides within 10 min of synthesis ( Fig. 2A) (Fig. 2B) .
More detailed kinetic analysis of such a pulse-chase experiment, in which the distribution of radioactivity was measured at intervals during the chase period (Fig. 3) (22) . Samples of about 2 ml (each) were evaporated to dryness, dissolved in 0.2 ml of water, and counted in 10 ml of scintillation solvent B-10 (13) . Each mixture (about 10,000-15,000 cpm of each label) was digested 9 hr at room temperature with 2% CNBr in 70% formic acid, then lyophilized and subjected to electrophoresis on 0.6 X 15 cm SDS-polyacrylamide gels (23) for 13 hr at 4 mA per gel.
periments F was the only chain that consistently did not change in amount during the chase period and is, therefore, assumed to be a stable primary product.
The amount of 3H in the e peak rose to a maximum within 15-20 min, then fell at the same rate as the and a chains were Model for the biosynthesis of EMC-virus proteins. Three primary gene products A, F, and C are generated during translation of the RNA genome. Chain F is not further cleaved; the capsid precursor, A, is cleaved four times and precursor chain C is cleaved twice. Dotted arrows indicate tentative assignments. The order of the capsid polypeptides within A appears to be 5- 3-y-a, starting with a at the amino-terminal end of the sequence. The order of synthesis of the primary products appears to be A-
generated. This behavior is consistent with earlier suggestions (7, 15 ) that the and a chains are generated by cleavage of the e chain. To further relate these chains, each was isolated by extraction from polyacrylamide gels, and was analyzed by comparison of tryptic or CNBr digests with similar digests of capsid protein (16) . Tryptic digests of protein A and EMOcapsid protein revealed many overlaps (Fig 4) , thereby supporting the identification of A as a capsid precursor.
Comparative analysis of CNBr digests from each peak gave the following results. The electrophoretic profiles of digests from A, B, and the capsid chains were similar to each other ( Fig. 5A and B) . The profiles from C, D, and E were related, as a family distinct from the capsid proteins ( Fig. 5C and D) . The profile from protein F (not shown) showed little correlation with the profiles from A or C.
Comparative studies on the CNBr-fragmentation patterns of the e chain revealed similarities to patterns from the ,3 and 8 chains (not shown), thus further supporting the hypothesis (7, 15) that the is and a polypeptides are produced by the cleavage of the e chain.
The patterns of digests from the a, if, and y chains isolated from cell lysates coincided with those of the homologous chains isolated from purified virions ( Fig. 5E and F (Fig. 6 ). The assignments of DI, G, H, and I are based primarily on attempts to balance differences in molecular weights.
Progressive labeling experiments, which determine the initial time and rate of labeling of the polypeptides, and studies with the protein synthesis inhibitor pactamycin, suggest that the primary products are synthesized in the order 5' O 3' AF,C and that the capsid polypeptides are synthesized in the order 8, ,, y, a (Butterworth and Rueckert, in preparation). An analogous sequence has been independently proposed for the synthesis of polioviral proteins (17) . Summers and Maizel also find the polioviral capsid protein to be nearest the 5' end of the viral RNA (personal communication). Preliminary studies on the order of CNBr fragments in the parent chains of the closely related ME virus confirm that the 0-chain is derived from the amino-terminal region of the s-chain (16) .
If a value of 2.6 X 106 is assumed for the molecular weight of EMC-virus RNA (3, 18) , the virus has a theoretical coding capacity of about 270,000. The sum of the molecular weights both of the proposed primary products (A,F,C), with a cumulative weight of 222,000, and of the stable end-products (aAf,,5,AE,F,G,HI), with a cumulative weight of 229,000, are slightly less than the theoretical value. It remains to be determined whether this small difference is due to incorrect values for the molecular weight of the viral RNA, for the size or number of polypeptides produced, or if a part of the RNA genome has noncoding functions.
It has been suggested that the picornaviral messenger RNA possesses a single initiation site and is, therefore, completely translated by every ribosome (5, 19) . The consequence of this would be the equimolar production of all stable viral polypeptides (if the complete cleavage of intermediates is assumed). If this theory is correct, the finding of about equimolar ratios of the stable EMC-virus proteins (Table 1) argues that all of the end products have been resolved and identified.
